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Abstract
We study a model of neutrino and dark matter within the framework of minimal extended seesaw.
This framework is based on A4 flavor symmetry along with the discrete Z4 symmetry to stabilize the dark
matter and construct desired mass matrices for neutrino mass. We use non-trivial Dirac mass matrix with
broken µ − τ symmetry to generate the leptonic mixing and consider a non-degenerate mass structure
for right-handed neutrinos to verify the observed baryon asymmetry of the Universe via the mechanism
of thermal Leptogenesis. Scalar sector is also studied in great details for multi Higgs doublet scenario,
considering the lightest Z4-odd as a viable dark matter candidate. A significant impact on the region of
DM parameter space as well as in the fermionic sector are found in the presence of extra scalar particles.
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I. INTRODUCTION
The discovery of the Higgs boson [1, 2] at the Large Hadron Collider (LHC) confirms the
mechanism of generation of the particle masses via the electroweak (EW) symmetry breaking.
Even though the Standard Model (SM) is a very successful theory and it explains most of the
experimental data, it is now known to be incomplete as it does not answer a few questions, like,
it fails to explain non-zero neutrino masses, baryon-antibaryon asymmetry in Nature, mysterious
nature of dark matter and dark energy, etc. Moreover, the SM does not incorporate the theory
of gravitation. Also it is plagued with its own theoretical problems such as the hierarchy problem
related to the mass of the Higgs, mass hierarchy and mixing patterns in leptonic and quark sectors
etc. The recent LHC Higgs signal strength data [3, 4] also suggest that one can have rooms for
the new physics beyond SM.
The astrophysical observations, e.g., gravitational lensing effects in Bullet cluster, anomalies in
the galactic rotation curves etc., have confirmed the existence of dark matter in the Universe. DM
is charge-less, so one cannot observe it through its interactions with photons. The satellite-based
experiments [5–7] such as Planck and Wilkinson Microwave Anisotropy Probe (WMAP) have mea-
sured the Cosmic Microwave Background Radiation (CMBR) of the Universe with unprecedented
accuracy and suggest that the Universe consists of about 4% ordinary matter, 27% dark matter and
the rest 69% is a mysterious unknown energy called dark energy which is thought to be the cause
of accelerated expansion of the Universe. The SM fails to provide a viable dark matter candidate.
To explain the observed presence of the dark matter, the new physics beyond the SM is required.
The astrophysical and cosmological data so far can only tell us how much dark matter is there in
the Universe, i.e., the total mass density and it does not interact electromagnetically and strongly.
Although we are convinced that dark matter really exists, still there is no consensus on what it
is composed of. The possibilities incorporate the dense-baryonic matter and non-baryonic matter.
The MACHO and the EROS [8, 9] collaborations conclude that dense-baryonic matter, i.e, Mas-
sive Compact Halo Objects (MACHOs)-black holes, very faint stars, white dwarfs, non-luminous
objects like planets could add a few percent to the known mass discrepancy in the Galaxy halo, ob-
served in galactic rotation curves. The non-baryonic dark matter components [10] can be grouped
into three categories on the basis of their production mechanism and velocities, namely hot dark
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matter (HDM), warm dark matter (WDM), and cold dark matter (CDM). A popular scheme in
this regard is to introduce ‘weakly interacting massive particles’ (WIMP) protected by a discrete
symmetry that ensures stability of these particles. Various established options viz. extra Zn-odd
(n ≥2, is integer) scalar, fermion and combined of them with various multiplets, e.g., singlets,
doublets, triplets, quadruplets, etc. have been studied to explain the dark matter phenomenology.
One can see the recent review article on the dark matter [11–16] and the references there in.
The other important experimental observation that necessitate the extension of the SM is the
phenomenon of neutrino oscillation. The solar, atmospheric, reactor and accelerator neutrino
oscillation experiments [17–19] have shown that the three flavor neutrinos mix among themselves
and they have a very small mass but not zero, unlike as predicted by the SM. However, till date
absolute mass of the individual neutrinos are not yet known, however we get the sum of the all
neutrino mass eigenvalues (
∑
i < 0.117 eV [20], with i = 1, 2, 3) as the oscillation experiments are
sensitive to mass square difference (∆m2ij = m
2
i −m2j). Apart from three flavor oscillation, past
results from Liquid Scintillation Neutrino Detactor (LSND) [21] have found some anomalous results
regarding neutrino mass. They have predicted a mass squared difference of ∼ O(1) eV2. This result
contradict with the three neutrino theory and we need to add another flavor of neutrino into the
picture to explain the situation. Hence the concept of sterile neutrino is imposed in the neutrino
picture. Later MiniBooNE [22] also confirmed the presence of this extra flavor of neutrino with
6.0σ confidence level whose mass roam around O(1) eV. Along with these experimental signatures,
various cosmological observations [23, 24] also support the presence of this extra flavor of heavy
neutrino. Sterile neutrinos are added into the picture as a right handed (RH) particle, such
that bare mass terms are allowed by all symmetries. Among the various beyond standard model
scenarios that are proposed in the literature to explain the small neutrino masses, the most popular
one is the seesaw mechanism.
The seesaw mechanism is based on the assumption that lepton number is violated at a very
high energy scale by some heavier particles. Tree level exchange of these heavy particles would
give rise to the lepton number violating dimension-5 Weinberg operator ΛLLHH[25] which in turn
will give rise to small neutrino masses once the EW symmetry is broken. It is known that in order
to get a neutrino mass of the sub-eV scale, one has to take the new particles to be extremely
heavy (right handed neutrino) or else take the new couplings to be extremely small. In order to
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accommodate sterile neutrino along with the active neutrinos under the same roof one can use
the canonical type-I seesaw. The right handed (RH) particles in type-I seesaw could have adjust
itself as sterile neutrino simultaneously giving rise the active neutrino mass, if its masses lies in
the eV-range. However, these kind of possibilities are ruled out due to tiny active neutrino mass.
These difficulties are resolve by extending the type-I seesaw along with three additional RH heavy
neutrinos and a scalar singlet popularly known as Minimal Extension Seesaw (MES)[26–28] in
order to study active neutrino masses along with the sterile mass in a single framework.
Considering various established suggestions regarding evolution of our Universe, it is confirmed
that at the very beginning, there was equal numbers of matter and corresponding anti-matter.
However, at current scenario, there is an asymmetry in baryon number is observed and the scenario
can be explained by the process which is popularly known as baryogenesis. Numerical definition
for baryon asymmetry at current date reads as [29], Y∆B
( ≡ nB−nB
s
)
= (8.75 ± 0.23) × 10−11.
The SM does not have enough ingredient (Shakarov conditions) to explain this asymmetry. As
seesaw demands lepton number violation, eventually new CP violating phases in the neutrino
Yukawa interactions are generated. It can be assumed that heavy singlet neutrinos decay out
of equilibrium producing asymmetry. Thus, all three Sakharov conditions are satisfied naturally,
hence leptogenesis become and integral part of seesaw framework. In this work, along with tiny
neutrino mass, we will establish baryon asymmetry of the Universe produced via the mechanism
of thermal leptogenesis under MES framework.
This work is primarily divided into fermion and scalar sector. In the fermion sector, we have
chosen MES framework where along with the active neutrino mass generation, validity of baryo-
genesis is checked in presence of a heavy flavor of sterile neutrino. Sterile phenomenology with
the active neutrinos has already been discussed in our previous work[30], so we have skipped that
discussion here . Within the scalar sector, we have considered two additional Higgs doublets along
with the SM Higgs doublet, where one additional Higgs doublet acquires VEV while another one
remains VEVless due to additional Z4 symmetry. The extension of scalar sector considering three
Higgs doublets is quite popular in literature [31–36]. The lightest neutral Z4-odd Higgs doublet
does not decay, hence it behaves as a potential candidate for dark matter. The other two scalar
doublets are playing crucial role to explain the neutrino mass, mixing angles and baryon asymme-
try via leptogenesis. In the fermionic sector, they appear in the Dirac Lagrangian in order to give
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mass to the active neutrinos, while in the scalar sector, they influence the DM phenomenology and
the allowed parameter spaces. All the theoretical and experimental constraints such as absolute
stability, unitarity, EW precision, LHC Higgs signal strength and dark matter density and direct
detection are discussed in details which was not being presented in the literature.
This paper is organized as follows. In section II brief review of the model is given. We discuss
the A4 along with additional Z4 discrete symmetries to construct the model and generation of the
mass matrices in the scalar and leptonic sector. We keep the section III and its subsections for
presenting various bound on the scalar as well as fermion sector. Numerical analysis of the dark
matter and neutrino-sector along with the BAU results are presented subsequently in section IV .
Finally, the summary of our work is concluded in the section V.
II. STURCTURE OF THE MODEL
Discrete flavor symmetries like A4, S4[37–40] along with Zn (n≥ 2 is always an integer) are
like intrinsic part of model building in particle physics. In this set-up we basically relies on A4
flavor and unwanted interactions were restricted using extra Z4 symmetry. A4 being the discrete
symmetry group of rotation with a tetrahedron invariant, it consists of 12 elements and 4 irreducible
representation denoted by 1,1′,1′′ and 3. A brief discussion on A4 and its product rules are given
in appendix A. Particle contents and their charges within our model are shown in table I, where
left-handed (LH) lepton doublet l to transform as A4 triplet, whereas right-handed (RH) charged
leptons (ec, µc, τ c) transform as 1,1′′ and 1′ respectively. The triplet flavons ζ, ϕ and two singlets
ξ and ξ′ break the A4 flavor symmetry by acquiring VEVs at very high scale in the suitable
directions1. The Higgs doublets are assumed to be transformed as singlet under A4. Additional Z4
charges are assigned for the respective particles as per the interaction terms demands to restricts
the non-desired terms.
The SU(2) doublet Higgs (φ3) along with ξ
′ and νR3 are odd under Z4, however, the mass scale
of the flavon ξ′ and the RH particle νR3 are too heavy in comparison to the SU(2) doublet,φ3. As
φ3 is a Z4 odd field, it doesn’t couple with any SM fields and so the lightest neutral doublet doesn’t
1 The chosen VEV alignments of the triplet flavons are obtained by minimizing the potential, can be found in the
appendix of [30].
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decay to any SM particle directly. However, it can decay to the SM particles through ξ′, νR1 and
νR2 via 4,5-body decay processes, which is heavily suppressed by the propagator masses and decay
width is almost zero. Hence, the lightest neutral particle of φ3 can serve as a viable cold-WIMP
dark matter candidate.
Particles l eR µR τR φ1 φ2 φ3 ζ ϕ ξ ξ
′ νR1 νR2 νR3 S χ
SU(2) 2 1 1 1 2 2 2 1 1 1 1 1 1 1 1 1
A4 3 1 1
′′ 1′ 1 1 1 3 3 1 1′ 1 1′ 1 1′′ 1′
Z4 1 1 1 1 1 i -1 1 i 1 -1 1 -i -1 i -i
TABLE I: Particle content and their charge assignments under SU(2),A4 and Z4 groups.
A. Scalars
The doublet Higgs scalars in this model are conventionally expressed as[41],
φ1 =
 H+1
(H1+iA1)√
2
 ; φ2 =
 H+2
(H2+iA2)√
2
 ; φ3 =
 H+3
(H3+iA3)√
2
 . (2.1)
The kinetic part of the scalar is defined within SM paradigm as,
LKE =
3∑
i=1
(Dµφi)
†(Dµφi), (2.2)
where, Dµ stands for the covariant derivative. The scalar potential of the Lagrangian is written in
two separate parts. Among the three Higgs doublets, one of them does not acquire any VEV so it
behaves as inert while the other two are SM type Higgs doublet and acquire VEV by EWSB. The
scalar potential of the Lagrangian is defined as[42],
Vφ1,φ2,φ3 =
(
Vφ1+φ2 + Vφ3
)
, (2.3)
where,
Vφ1+φ2 = µ
2
11φ
†
1φ1 + µ
2
22φ
†
2φ2 −
µ212
2
(φ†1φ2 + φ
†
2φ1)
+ κ1(φ
†
1φ1)
2 + κ2(φ
†
2φ2)
2 + κ3(φ
†
1φ1)(φ
†
2φ2)
+ κ4(φ
†
2φ1)(φ
†
1φ2) +
κ5
2
((φ†1φ2)
2 + (φ†2φ1)
2),
(2.4)
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while potential for the inert Higgs is given as,
Vφ3 = µ
2
33φ
†
3φ3 + κ
DM
2 (φ
†
3φ3)
2 + κDM3 ((φ
†
1φ1)(φ
†
3φ3) + (φ
†
2φ2)(φ
†
3φ3))
+ κDM4 ((φ
†
1φ3)
†(φ†1φ3) + (φ
†
2φ3)
†(φ†2φ3)) + κ
DM
5 ((φ
†
1φ3)
2 + (φ†2φ3)
2 + h.c.).
In both the potentials, µij(i = 1, 2), µ33 are the mass terms and κ
′s are the scalar quartic couplings,
responsible for mixing and masses of the physical scalar fields. The neutral CP-even fields of φ1 and
φ2 get VEVs after electroweak symmetry breaking (EWSB), i.e., H1 = h1 + v1 and H2 = h2 + v2.
The minimization conditions for the potential are,
µ211 = µ
2
12 tan β − 12v2
(
2κ1 cos
2 β + κL sin
2 β
)
, (2.5)
µ222 = µ
2
12 cot β − 12v2
(
2κ2 sin
2 β + κL cos
2 β
)
.
Here, κL = (κ1 + κ2 + κ3), v =
√
v21 + v
2
2 and β = tan
−1 (v2
v1
)
. It is to be noted that there is no
minimum along the directions of the scalar fields in φ3 doublet due to additional Z4 symmetry.
A 12× 12 mass matrix is obtained after EWSB, which is composed of four 3× 3 sub-matrices
with bases (H+1 , H
+
2 , H
+
3 ) , (H
−
1 , H
−
2 , H
−
3 ) , (h1, h2, H3) and (A1, A2, A3). The inert fields in these
mass matrices remain decoupled as it do not get any VEV. The other fields give rise to five physical
mass eigenstates (H±, h,H,A) after rotation with the mass basis. Three other mass-less Goldstone
bosons (G±, G0) are also generated, which are eaten up by the W± and Z bosons to give mass
them mass. The mass eigenstates for the physical scalars within 2HD (first two Higgs doublets)
scalar sector are given by [43],
M2A =
µ212
2 cos β sin β
− κ5v2, (2.6)
M2H± = M
2
A +
1
2
v2(κ5 − κ4), (2.7)
M2h =
1
4
v2 sec(α + β)[(6κ1 + κL) cosα cos β
+2(κ1 − κL) cosα cos 3β − sinα sin β {(6κ2 + κL)− (2κ2 + κL)}], (2.8)
M2H =
1
4
v2cosec(α + β){2 cos β(2κ1 + κL + (2κ1 − κL) cos 2β} sin β
+ cosα {(6κ2 + κL) sin β + (−2κ2 + κL) sin 3β}, (2.9)
where,
µ212 =
1
2
v2[κ1 + κ2 + κL + cosec(2α + 2β){2(κ1 − κ2) sin 2α + (κ1 + κ2 − κL) sin(2α− 2β)}] sin 2β.
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Inert scalar sector remain decoupled from the other two scalar sector, after EWSB four physical
mass eigenstates (H3, A3, H
±
3 ) can be written as,
M2H3 =µ
2
33 +
1
2
v2κDML ,
M2A3 =µ
2
33 +
1
2
v2κDMS ,
M2
H±3
=µ233 +
1
2
v2κDM3 ,
(2.10)
where, κDML,S = κ
DM
3 + κ
DM
4 ± κDM5 . It is to be noted that the detailed study of the scalar potential
and the interaction among the heavy scalar fields (ϕ, ζ, ξ, etc.) are worked out in [30], and the light
scalar fields remains decoupled from these heavy scalar fields. These heavy scalar fields need to
explain neutrino mass and mixing which we are going to discuss in the next subsection.
B. Fermions
Minimal extended seesaw(MES) is realizes in this work in order to construct the active and
sterile masses. There is a similar kind of framework named νMSM [44], exists in literature which
is an extension of SM, where keV sterile neutrino mass is studied. However, MES is an extension of
canonical type-I seesaw, where sterile neutrino mass is realized with a more wider mass range(eV to
keV) than νMSM . We have focused our study with eV scaled sterile neutrino and three flavors of
active neutrinos. In MES scenario along with the SM particle, three extra right-handed neutrinos
and one additional gauge singlet chiral field S is introduced. The Lagrangian of the neutrino mass
terms for MES is given by[27],
− LM = νLMDνR + 1
2
νcRMRνR + S
cMSνR + h.c., (2.11)
here, MD and MR are 3× 3 Dirac and Majorana mass matrices respectively whereas MS is a 1× 3
matrix. Under MES framework, the active and sterile masses are realized as follows,
mν 'MDM−1R MTS (MSM−1R MTS )−1MS(M−1R )TMTD −MDM−1R MTD, (2.12)
ms ' −MSM−1R MTS . (2.13)
One can see that, the second part of eq.(2.12) is the trivial type-I active neutrino mass formula.
The modified active mass matrix is observed due to the presence of the non-squared sterile mass
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matrix MS. The mass scale of MS being slightly greater than MD scale, which is near to EW scale,
while MR is around 10
13 GeV. A new physics scale (Λ) has been imposed to achieve this MES
structure, where A4 flavon symmetry is breaking in the model in order to generate the required
neutrino mass, thus making it very heavy (∼ 1014 GeV).
The leading order invariant Yukawa Lagrangian for the lepton sector is given by,
L =ye
Λ
(lφ1ζ)1eR +
yµ
Λ
(lφ1ζ)1′µR +
yτ
Λ
(lφ1ζ)1′′τR
+
y2
Λ
(lφ˜1ζ)1νR1 +
y2
Λ
(lφ˜1ϕ)1′′νR2 +
y3
Λ
(lφ˜2ϕ)1νR3
+
1
2
λ1ξνcR1νR1 +
1
2
λ2ξ
′νcR2νR2 +
1
2
λ3ξνcR3νR3
+
1
2
ρχScνR1.
(2.14)
Λ in the Lagrangian, represents the cut-off scale of the theory, yα,i, λi (for α = e, µ, τ and
i = 1, 2, 3) and ρ representing the Yukawa couplings for respective interactions and all Higgs
doublets are transformed as φ˜i = iτ2φ
∗
i (with τ2 being the second Pauli’s spin matrix) to keep
the Lagrangian gauge invariant. The scalar flavons involved in the Lagrangian acquire VEV along
〈ζ〉 = (vm, 0, 0), 〈ϕ〉 = (vm, vm, vm), 〈ξ〉 = 〈ξ′〉 = vm and 〈χ〉 = vχ by breaking the flavor symmetry,
while 〈φi〉(i = 1, 2) get VEV (vi) by breaking EWSB at electro-weak scale (v3 = 0 due to additional
Z4 symmetry). The matrix structures obtained from equation 2.14 using the VEV are discussed in
appendix B. We achieve the light neutrino mass matrix as well as the sterile mass using eq. (2.12)
and (2.13) respectively. Complete matrix structures are shown in table II. In the following section,
we have presented detailed theoretical as well as experimental bounds on this model.
III. BOUNDS ON THIS MODELS
A. Stability of the scalar potential
The scalar potential should be bounded from the below in such a way that, even for large
field values there is no other negative infinity arises along any field space direction. The absolute
stability condition for the potential [2.4] are evaluated in terms of the quadratic coupling are as
follows[42],
κ1 > 0, κ2 > 0, κ
DM
2 > 0, κ3,L,S + 2
√
2κ1κ2 > 0,
9
κDM3,L,S + 2
√
κ1κDM2 > 0, κ
DM
3,L,S + 2
√
κ2κDM1 > 0.
B. Unitarity bounds
Unitarity bounds on the couplings are evaluated considering scalar-scalar, gauge boson-gauge
boson, and scalar-gauge boson scatterings [45]. In general, unitarity bounds are the couplings of the
physical bases of the scalar potential. However, the couplings for the scalars are quite complicated,
so we consider the couplings of the non-physical bases before EWSB. Then the S-matrix which is
expressed in terms of the non-physical fields is transformed into a S-matrix for the physical fields
by making an unitary transformation [46–48]. As per demands of the unitarity of the S-matrix,
the absolute eigenvalues of the scattering matrix should be less than 8pi upto a certain scale. In
our potential, bounds come from the eigenvalues of the corresponding S-matrix are as follows,
|κ3 ± κ4| ≤ 8pi,
|κ3 ± κ5| ≤ 8pi,
|κ3 + 2κ4 ± 3κ5| ≤ 8pi,∣∣∣κ1 + κ2 ±√(κ1 − κ2)2 + κ4∣∣∣ ≤ 8pi,∣∣∣3κ1 + 3κ2 ±√9(κ1 − κ2)2 + (2κ3 + κ4)2∣∣∣ ≤ 8pi,∣∣∣κ1 + κ2 ±√(κ1 − κ2)2 + κ5∣∣∣ ≤ 8pi,∣∣∣3κ2 + 3κDM2 ±√9(κ2 − κDM2 )2 + (2κDM3 + κDM4 )2∣∣∣ ≤ 8pi,∣∣∣κ2 + κDM2 ±√(κ2 − κDM2 )2 + 2κDM5 ∣∣∣ ≤ 8pi,
|κDM3 ± κDM4 | ≤ 8pi,
|κDM3 ± 2κDM5 | ≤ 8pi,
|κDM3 + 2κDM4 ± 6κDM5 | ≤ 8pi,∣∣∣κ1 + κDM2 ±√(κ1 − κDM2 )2 + κDM4 ∣∣∣ ≤ 8pi,∣∣∣3κ1 + 3κDM2 ±√9(κ1 − κDM2 )2 + (2κDM3 + κDM4 )2∣∣∣ ≤ 8pi,∣∣∣κ1 + κDM2 ±√(κ1 − κDM2 )2 + 2κDM5 ∣∣∣ ≤ 8pi,∣∣∣κ2 + κDM2 ±√(κ2 − κDM2 )2 + κDM4 ∣∣∣ ≤ 8pi.
C. Bounds from electroweak precision experiments
When we consider new physics contribution above EW scale, the effect of the virtual particles in
loops do contribute to the electroweak precision bounds through vacuum polarization correction.
Bounds from electroweak precision experiments are added in new physics contributions via self
energy parameters S, T, U [49]. The S and T parameters provides the new physics contributions to
the neutral and to the difference between neutral and charged weak currents respectively, whereas
the U parameter is only sensitive to the mass and width of the W-boson, thus in some cases
this parameter is neglected. In this model inert scalars decouple from the other scalar fields.
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Contributions from first two doublet fields are [33],
∆S2HD =
1
piM2Z
[
sin2(β − α)B22(M2Z ,M2H ,M2A)− B22(M2Z ,M2H± ,M2H±)
+ cos2(β − α)
{
B22(M2Z ,M2h ,M2A) + B22(M2Z ,M2ZM2H)− B22(M2Z ,M2Z ,M2h)
−M2ZB0(M2Z ,M2Z ,M2H) +M2ZB0(M2Z ,M2Z ,M2h)
}]
, (3.1)
∆T2HD =
1
16piM2W sin
2
θW
[
F (M2H± ,M
2
A) + sin
2(β − α)
{
F (M2H± ,M
2
H)− F (M2A,M2H)}
+ cos2(β − α)
{
F (M2H± ,M
2
h)− F (M2A,M2h) + F (M2W ,M2H)− F (M2W ,M2h)
− F (M2Z ,M2H) + F (M2Z ,M2h) + 4M2ZB0(M2Z ,M2H ,M2h)−M2ZB0(M2W ,M2H ,M2h)}
]
,(3.2)
∆U2HD = −S + 1
piM2Z
[
B22(M2W ,M2A,M2H±)− 2B22(M2W ,M2H± ,M2H±)
+ sin2(β − α)B22(M2W ,M2H ,M2H±)
+ cos2(β − α)
{
B22(M2W ,M2h ,M2H±) + B22(M2W ,M2W ,M2H)− B22(M2W ,M2W ,M2h)
−M2WB0(M2W ,M2W ,M2H) +M2WB0(M2W ,M2W ,M2H)
}]
, (3.3)
while the contributions from inert fields can be written as [47, 49],
∆SID =
1
2pi
[1
6
ln
M2H
M2H±
− 5
36
+
M2HM
2
A
3(M2A −M2H)2
+
M4A(M
2
A − 3M2H)
6(M2A −M2H)3
ln
M2A
M2H
]
, (3.4)
∆TID =
1
32pi2αv2
[
F (M2H± ,M
2
H) + F (M
2
H± ,M
2
A)− F (M2A,M2H)
]
. (3.5)
and ∆UID is neglected in this case due to small mass differences ∆MH = MA3−MH3 and ∆MH± =
MH±3 −MH3 of the inert fields. F and B’s are defined as,
F (x, y) =
x+ y
2
− xy
x− y ln(
x
y
), for x 6= y otherwise 0.
B22(q2,m21,m22) =
q2
24
[2 ln q2 + ln(x1x2) + {(x1 − x2)3 − 3(x21 − x22) + 3(x1 − x2)} ln(x1/x2)
−{2(x1 − x2)2 − 8(x1 + x2) + 10
3
} − {(x1 − x2)2 − x(x1 + x2) + 1}f(x1, x2)
−6F (x1, x2)] m1=m2=====⇒ q
2
24
[2 ln q2 + lnx1 + (16x1 − 10
3
) + (4x1 − 1)G(x1)],
B0(q2,m21,m22) = 1 +
1
2
[
x1 + x2
x1 − x2 − (x1 − x2)] ln(x1/x2) +
1
2
f(x1, x2)
m1=m2=====⇒ 2− 2y arctan 1
y
,
B0(m21,m22,m23) =
m21 lnm
2
1 −m23 lnm23
m21 −m23
− m
2
1 lnm
2
1 −m22 lnm22
m21 −m22
,
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with, xi = m
2
i /q
2 , y =
√
4x1 − 1 , G(x1) = −4y arctan 1
y
,
f(x1, x2) = −2
√
Υ[arctan(
x1 − x2 + 1√
Υ
)− arctan(x1 − x2 − 1√
Υ
)] for Υ > 0,
f(x1, x2) =
√−Υ
[
ln(
x1 + x2 − 1 +
√−Υ
x1 + x2 − 1−
√−Υ)
]
for Υ < 0,
and f(x1, x2) = 0 for Υ = 0; where, Υ = 2(x1 + x2)− x1 − x22 − 1.
One can add these contributions to the SM as,
S = SSM + ∆SIDM + ∆S2HDM ,
T = TSM + ∆TIDM + ∆T2HDM ,
U = USM + ∆UIDM + ∆U2HDM .
(3.6)
We use the NNLO global electroweak fit results obtained by the Gfitter group [49], ∆SIDM +
∆S2HDM < 0.05± 0.11, TIDM + ∆T2HDM < 0.09± 0.13 and ∆UIDM + ∆U2HDM < 0.011± 0.11.
D. LHC diphoton signal strength bounds
At tree level, the couplings of Higgs-like scalar h to the fermions and gauge bosons in presence of
extra Higgs doublet (φ2) are modified due to the mixing. Loop induced decays will also have slight
modification for the same reason, hence, new contributions will be added to the signal strength.
Using narrow width approximation, Γh/Mh → 0, the Higgs to diphoton strength is,
µγγ =
σ(gg → h→ γγ)BSM
σ(gg → h→ γγ)SM ≈
σ(gg → h)BSM
σ(gg → h)SM
Br(h→ γγ)BSM
Br(h→ γγ)SM . (3.7)
In presence of an extra inert Higgs doublet φ3, the signal strength does not change, however, due
to mixing of φ1 and φ2, h to flavon-flavon ( or boson-boson) coupling become proportional to
sinα
cosβ
(or cos(β − α)). So, we may rewrite µγγ as,
µγγ =
sin2 α
cos2 β
Γ(h→ γγ)BSM
Γ(h→ γγ)SM
Γtotalh,SM
Γtotalh,BSM
. (3.8)
Apart from the SM Higgs h, if the masses for the extra physical Higgses are greater than Mh/2,
Γtotalh,SM
Γtotalh,BSM
≈ ( sin2 α
cos2 β
)−1
. Hence, the modified signal strength will be written as,
µγγ =
Γ(h→ γγ)BSM
Γ(h→ γγ)SM . (3.9)
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At one-loop level, the physical Higgs H± and H±3 add extra contribution to the decay width as,
Γ(h→ γγ)BSM = α
2M3h
256pi3v2
∣∣∣Q2H± vµhH+H−2M2H± F0(τH±) +Q2H±3
vµhH+3 H
−
3
2M2
H±3
F0(τH±3 ) + C
∣∣∣, (3.10)
where C is the SM contributions, C =
∑
f N
c
fQ
2
fyfF1/2(τf ) + yWF1(τW ) and τx =
M2h
aM2X
. Qi denote
electric charge of corresponding particles and N cf is the color factor. Higgs h coupling to ff and
WW is denoted by yf = y
SM
f
sinα
cosβ
and yW = y
SM
w cos(β − α). µhH+H− and µhH+3 H−3 stands for
corresponding couplings for the hH+H
− and hH+3 H
−
3 respectively, which are defined below with
the loop function F(0,1/2,1)(τ) [50],
µhH+H− =[2κ4 sin β cos β cos γ + cos β
2(κ3v1 cos γ + 4κ2v2 sin γ)
+ sin β2(κ4 sin γ + κ1v1 cos γ + κ3v2 sin γ)] ≈ κ3vSM ,
µhH+3 H
−
3
=κDM3 v1[sinα sin β − cosα cos β],
F0(τ) =[τ − f(τ)]τ−2,
F1/2(τ) =2[τ + (τ − 1)f(τ)]τ−2,
F1(τ) =− [2τ 2 + 3τ + 3(2τ − 1)f(τ)]τ−2,
with, f(τ) =
(sin
−1√τ)2, τ ≤ 1,
−1
4
[ln 1+
√
1−τ−1
1−√1−τ−1 − ipi]2 τ > 1.
E. Bounds from dark matter
Various results from WMAP satellite, combined with other cosmological measurements, we get
the constrained dark matter relic density to ΩDMh
2 = 0.1198±0.0026 [51]. The dark matter sector
of this model is behaving quite similarly as in the normal inert doublet model [52–55]. However,
in presence of an extra SM type Higgs doublet, these pictures get slightly disturbed. Both the
annihilation and co-annihilation are modified and we find larger region of allowed parameter spaces
in this model than other ID models. Within the ID sector, the lightest neutral scalar (H3/A3) serves
as a ID dark matter candidate. In this model, we consider H3 to be a dark matter candidate and
it is to be noted that, the region of the dark matter parameter spaces will be slightly changed
for the pseudoscalar as a dark matter candidate A3. We have used FeynRules [56] to construct
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our model and relic density calculations are carried out using MicrOMEGAs [57]. Details discussion
about DM mass will be carried out in the numerical analysis section.
F. Neutrino mass and mixing angles
The diagonalize neutrino mass matrix Mν is achieved as,
Diag(m1,m2,m3) = UPMNS Mν U
T
PMNS, (3.11)
where mi(for i = 1, 2, 3) stands for three active neutrino masses. Conventionally the leptonic
mixing matrix for active neutrino is parameterized as,
UPMNS =

c12c13 s12c13 s13e
−iδ
−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
.P. (3.12)
The abbreviations used are cij = cos θij , sij = sin θij where θij stands for active mixing angles
with i, j = 1, 2, 3 and P would be a unit matrix 1 in the Dirac case but in Majorana case P =
diag(1 eiα ei(β+δ)) 2. The Dirac and Majorana CP-violating phases are simply represented by δ and
(α, β) in the UPMNS respectively. Since we have included one extra generation of neutrino along
with the active neutrinos in our model thus, the final neutrino mixing matrix for the active-sterile
mixing takes 4× 4 form as,
V '
(1− 12RR†)UPMNS R
−R†UPMNS 1− 12R†R
 , (3.13)
where R = MDM
−1
R M
T
S (MSM
−1
R M
T
S )
−1 is a 3 × 1 matrix governed by the strength of the active-
sterile mixing, i.e., the ratio O(MD)O(MS) .
The eV scaled sterile neutrino can be added to the standard 3-neutrino mass states in NH:
m1  m2 < m3  m4 as well as IH: m3  m1 < m2  m4. One Diagonalized light neutrino
mass matrix for NH and IH are modified as mNHν = diag(0,
√
∆m221,
√
∆m221 + ∆m
2
31,
√
∆m241)
and mIHν = diag(
√
∆m231,
√
∆m221 + ∆m
2
31, 0,
√
∆m243) respectively. The lightest neutrino mass is
2 One should not get confused with the Majorana phases (α and β) we have used in the fermion sector. They are
completely irrelevant with the mixing angles used in the scalar sector.
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zero in both the mass ordering as demanded by the MES framework [26]. Here, ∆m241(∆m
2
43) is the
active-sterile mass square difference for NH and IH respectively. Using MES, the mass matrices
obtained for active neutrinos and active-sterile mixing elements are shown in table II.
Ordering Structures −mν mS R
NH
MR =

d 0 0
0 e 0
0 0 f

MD =

−b b c+ p
b b+ p c
p b c

MS =
(
g 0 0
)

b2
e +
(c+p)2
f
b(b+p)
e +
c(c+p)
f
b2
e +
c(c+p)
f
b(b+p)
e +
c(c+p)
f
(b+p)2
e +
c2
f
b(b+p)
e +
c2
f
b2
e +
c(c+p)
f
b(b+p)
e +
c2
f
b2
e +
c2
f
 ' g2104 '

−b
g
b
g
p
g

IH
MR =

d 0 0
0 e 0
0 0 f

MD =

−b −b c+ p
b −b+ p c
p 2b c

MS =
(
g 0 0
)

b2
e +
(c+p)2
f
b(b−p)
e +
c(c+p)
f
−2b2
e +
c(c+p)
f
b(b−p)
e +
c(c+p)
f
(b−p)2
e +
c2
f
−2b(b−p)
e +
c2
f
−2b2e + c(c+p)f −2b(b−p)e + c
2
f
4b2
e +
c2
f
 ' g2104 '

−b
g
b
g
p
g

TABLE II: The light neutrino mass matrices,sterile mass and active-sterile mixing patterns with
corresponding MD, MR and MS matrices for NH and IH mass pattern.
G. Baryogenesis via Thermal leptogenesis
We have considered hierarchical mass pattern for RH neutrinos, among which the lightest will
decay to a Higgs doublet and a lepton doublet. This would produce sufficient lepton asymmetry
to give rise to the observed baryon asymmetry of the Universe. Both baryon number (B) and
lepton number (L) are conserved independently in the SM renormalizable Lagrangian, however,
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due to chiral anomaly, there are non perturbative gauge field configurations [58], which produces
the anomalous B+L violation (B−L is already conserved). These whole process of conversion of
lepton asymmetry to baryon asymmetry via B + L violation is popularly termed as ”sphalerons”
[59]. We have used the parametrization from [29], where, the working formula of baryon asymmetry
produced is given by,
YB = ck
11
g∗
. (3.14)
The quantities involved in this equation 3.14 can be explained as follows,
• c is a factor that measures the fraction of lepton asymmetry that being converted to baryon
asymmetry. This value is approximately 12/37.
• k is the dilution factor produced due to wash out processes, which can be parametrized as,
k '
√
0.1Kexp
[ −4
3(0.1K)0.25
]
, for K ≥ 106,
' 0.3
K(lnK)0.6
, for 10 ≤ K ≤ 106,
' 1
2
√
K2 + 9
, for 0 ≤ K ≤ 10.
(3.15)
Here, K is defined as,
K =
Γ1
H(T = MνR1)
=
(λ†λ)11MνR1
8pi
MPlanck
1.66
√
g∗M2νR1
, (3.16)
with, Γ1 is the decay width of νR1, defined as, Γ1 =
(λ†λ)11MνR1
8pi
and the Hubble constant at
T = MνR1 is defined as H(T = MνR1) =
MPlanck
1.66
√
g∗M2νR1
.
• g∗ is the massless relativistic degree of freedom in the thermal bath and within SM, it is
approximately 110.
• 11 is the lepton asymmetry produced by the decay of the lightest RH neutrino νR1. This
can be formulated as below.
In order to produce non-vanishing lepton asymmetry, the decay of νR1 must have lepton
number violating process with different decay rate to final state with particle and anti-
particle. Asymmetry in lepton flavor α produced in the decay of νR1 is defined as,
αα =
Γ(νR1 → lαφi)− Γ(νR1 → lαφi)
Γ(νR1 → lφi) + Γ(νR1 → lφi)
, (3.17)
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where lα is the antiparticle of lα and φi is the lightest Higgs doublet present in our model.
Following the calculation for non-degenerate RH mass3, from the work of [29], we obtain the
asymmetry term as,
αα =
1
8pi
1
[λ†λ]11
2,3∑
j
Im(λ∗α1)(λ
†λ)1jλαjg(xj)
+
1
8pi
1
[λ†λ]11
2,3∑
j
Im(λ∗α1)(λ
†λ)1jλαj
1
1− xj ,
(3.18)
where xj ≡ M
2
j
M21
and within the SM g(xj) is defined as,
g(xj) =
√
xj
(2− xj − (1− x2j)ln(1 + xj/xj)
1− xj
)
. (3.19)
The second line from equation (3.18) violates the single lepton flavors, however, it conserves
the total lepton number, thus it vanishes when we take sum over α,
11 ≡
∑
α
αα =
1
8pi
1
[λ†λ]11
2,3∑
j
Im[(λ†λ)1j]2g(xj). (3.20)
The λ used here is the Yukawa matrix generated from the Dirac mass matrix and the corre-
sponding index in the suffix says the position of the matrix element.
Now one can calculate the baryon asymmetry of the Universe from equation (3.14) followed by
the evaluation of lepton asymmetry using equation (3.20). The Yukawa matrix is constructed
from the solved model parameters b, c and p , which is analogous to the 3× 3 Dirac mass matrix.
Within our study the K value lies within the range 10 ≤ K ≤ 106 , hence we have used the second
parametrization of the dilution factor from equation (3.15).
IV. NUMERICAL ANALYSIS
A. Dark matter
In this section, we will discuss the numerical analysis and new bounds on DM mass of the
model. As we know, the observed relic density through annihilation in this model is mainly rely on
3 For degenerate mass with mass spiting equal to decay width, one have to consider resonant leptogenesis.
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the dark matter mass MH3 , Higgs (both h and H) portal coupling. These couplings are primarily
depending upon the coupling κL and the mixing angles α and β. The annihilation could also be
affected by the mass of the heavier Higgs particle. If we decrease the mass difference between the
LSP and nLSPs(similar to the IDM), co-annihilation channels will start to play a crucial role. The
mass differences ∆MA3 = MA3−MH3 and ∆MH±3 = MH±3 −MH3 are important here in calculating
the relic abundance. The other Z4-even charged (H
±
1 ) and pseudoscalar (A1) particle are also come
into this picture depending on their masses and the mixing angles α and β. We have performed
scans in the four dimensional parameter space. We have varied the dark matter mass MH3 from
5 GeV to 1000 GeV and κL from −0.25 to 0.25 with a step size 0.001, ∆MA3 from 0 to 20 GeV
with a step size 0.2 GeV. We fixed ∆MH±3 =100 GeV to avoid the collider constraints [60, 61]. We
have also fixed the heavier Higgs masses at MH = 400 GeV and MA,H± = 430 GeV. Two different
regimes for a fixed values of the mixing angles α and β are obtained and we define these as a low
and high mass regime. We have shown these mass regime for two different values of α and β in
Fig. 1. Left plot stands for low mass regime whereas right one indicates high mass regime. The red
points correspond to cos(β − α) ∼ 0.92 and blue cos(β − α) ∼ 0.015. It is to be noted that these
points passes through all the experimental as well as theoretical constraints as we have discussed
it in the previous section. For the low mass, dominant part of the points ruled out by the Higgs/Z
invisible decay width and direct detection constraints [62]. A part of the region, where ∆MA3 is
large are discarded by the STU parameter, absolute stability of scalar potential and perturbativity,
as ∆MA3 is directly proportional to κ
DM
5 .
In the low mass regime MH3 < 10 GeV, DM dominantly annihilates into the SM fermions only
and this annihilation cross-section remains small due to the small coupling strength and mass,
hence one would get over abundance as ΩDMh
2 ∝ 1
<σv>
. The abundance in this model is roughly
1/ cos2(β − α) times larger than the normal IDM abundance [63]. In particular, within the mass
regime 10− 73 GeV, correct values for ΩDMh2 (within 3σ) will be produced due the contribution
of the DM annihilation, co-annihilation or combined effect of these two processes. While the mass
regime 10− 42.2 GeV is ruled out from the constraints of the decay width of SM gauge W,Z [64]
and/or Higgs h1 bosons [65]. The direct detection (DD) processes also played a strong role to
ruled out this regime. It is to be noted that in the normal IDM [42, 54, 55, 66], MDM < 54 GeV
regime is ruled out from the similar constraints. In this model, DM mass 42.2 − 54 GeV up to
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FIG. 1: Left plot stands for low mass regime whereas right one indicates high mass regime. The
red points corresapond to cos(β − α) ∼ 0.92 and blue cos(β − α) ∼ 0.015. We keep fixed the
heavier Higgs masses at MH = 400 GeV and MA,H± = 430 GeV. These values are allowed by the
experimental and theoretical constraints. We varied other scalar masses of the dark matter sector
so that we could get relic density via dark matter annihilation, co-annihilation and the combined
effect of these.
72.65 GeV regime is still allowed due the presence of the other Z4-even scalar particles. We get
larger allowed region in the parameter spaces depending on the mixing angles α and β and these
regions are explained in Fig. 1 with a few example of benchmark points presented in Table. III
and IV.
In the table III, few benchmark points have presented for low dark matter mass regime. The first
BMP-I corresponds to dark matter mass 42.2 GeV with Higgs portal couplings κL cos(β + α) =
0.12κL (sinα = 0.5 and sin β = 0.8) and MA3 = 53.4 GeV. As the ∆MA3 (= 11.2 GeV) is
small, we get the relic density mainly dominated by the Z-mediated co-annihilation channels
H3A3 → Z → XX, where X = SM fermions. One can find the corresponding diagrams (upper
two) in Fig. 2. Here, MA3 + MH3 = 95.6 > MZ , hence this process is allowed by the Z-boson
invisible decay width constraints. On the other hand the Higgs portal coupling is also very small
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BMP-low MDM [GeV] κL MA3 [GeV] sinα sinβ Relic density ΩDMh
2 DD cross-section [cm2]
I 42.20 −0.001 53.4 0.50 0.80 0.1266 2.24× 10−49
II 53.65 0.003 62.85 -0.65 0.75 0.1241 1.02× 10−46
III 55.00 −0.029 73.80 0.50 0.80 0.1121 1.12× 10−46
IV 55.00 0.001 63.65 −0.65 0.75 0.1161 1.08× 10−47
V 65.00 −0.036 74. 0.50 0.80 0.1257 1.24× 10−46
VI 65.00 −0.001 73.4 −0.65 0.75 0.1155 7.8× 10−48
VII 72.05 0.041 91.85 0.50 0.80 0.1152 1.31× 10−46
VIII 72.05 −0.001 93.85 −0.65 0.75 0.1140 6.38× 10−48
TABLE III: Benchmark points have been shown for low dark matter mass regime.
∼ 10−3, hence this point is also allowed by the invisible Higgs decay width and direct detection
constraints. It is also to be noted that in the normal inert doublet model, one may get the exact
relic density for the DM mass below 54 GeV, but one of these constraints will restricts this point.
For our model, this may considered as a new findings, as this small DM mass not been discussed in
the literature in details. We have changed the mixing angles sinα = −0.65 and sin β = 0.75, thus
the Higgs portal coupling becomes 0.98κL. The dark matter mass MH3 = 42.2 GeV for this mixing
angle get constrained by both the Higgs invisible decay width and direct detection cross-section.
We get the allowed point for the next minimum dark matter mass MH3 = 53.65 GeV, for the
Higgs coupling 0.98κL. It could be understood as follows: as we change these angles, the Higgs
portal coupling become too large, which violates the Higgs invisible decay width [67] and the direct
detection cross-section bounds for the dark matter mass 42.2 GeV. Hence, we increases the mass
to get the allowed relic density. Here, Z-mediated co-annihilation channels are contributing 78%
of the total processes and dominates the whole effective annihilation process. The annihilation
processes H3H3 → bb¯(16%) and H3H3 → W±W∓∗(5%) also played a significant role to achieve the
exact relic density. All the diagrams in Fig. 2 ( upper and middle ) and 3 (upper) are relevant
here. It is to be noted that the processes H3H
±
3 → W± → XX, where X = SM quarks/leptons
are not important in our case as we consider ∆MH±3 =100 GeV.
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H3
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b
b
H3
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b
b
2(a) 2(b)
H3
H±3
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l
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3(a) 3(b)
FIG. 2: The upper two diagrams stand for the co-annihilation channels H3A3 → Z → XX,
where X = SM quarks/leptons, the middles diagrams are H3H
±
3 → W± → XX. The dominant
annihilation diagrams are H3H3 → h/H → bb¯. These channels are effective and/or dominant for
the dark matter mass regions 10− 70 GeV regime.
For BMP-III and IV, exact relic density is obtained with DM mass 55 GeV. Prime difference
in between these two BMPs arises due to the mixing angles, hence the Higgs portal coupling. In
the first case, cos(α+ β) = 0.12 and ∆MA3 = 18.80 GeV with a quite large negative κL = −0.029.
One can also get allowed relic density for similar positive κL values and it can be understood from
Fig. 1. In this case, the exact relic density is obtained due to the Higgs mediated H3H3 → bb¯(88%)
annihilation channel. The other annihilation processes are H3H3 → cc¯, τ+τ−,WW ∗(12%). If we
move towards the smaller values of κL, the co-annihilation channels become important to get the
relic density. For the large values of κL, the Higgs mass resonance region (55−63 GeV) of the dark
matter are ruled out by one of the constraints as discuss earlier. For example, the dark matter
mass 60 GeV with κL = ±0.01, the relic density become ΩDMh2 = 0.01.
For the BMP-IV, very small values of κL are allowed as the total Higgs portal coupling is reduced
by the mixing angles. We get exact relic density for ∆MA3 = 8.65 GeV, mainly through the
co-annihilation channels H3A3 → SM fermions(92%) which dominates over the DM annihilation
channel H3H3 → W±W∓∗, (8%). |κL| > 0.003 region are ruled out by direct detection. Similar
analogy also works for MDM = 65 GeV.
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For BMP-VII and VIII, MDM = 72.05 GeV, obvious results are observed for two different mixing
angles. Since the DM mass is close to W -boson mass, which allows to dominate via annihilation
channel of DM,DM → W±W∓∗ (∼ 77%) for small Higgs portal coupling, whereas for larger
cos(α + β), co-annihilation processes continues to dominates with H3A3 → SM fermions, with
a little contribution from dark matter annihilation process into bb¯ (∼ 3%) to give rise to the
exact relic density. It is to be noted that the effective annihilation cross-section for the DM mass
72.65 GeV, mixing angles sinα = −0.65 and sin β = 0.75 become large, hence, we get an under
abundance. A negative values of κL ∼ −0.0045 reduces the effective annihilation cross-section
hence, we get the exact relic density. However, κL < −0.0045 region is ruled out by the direct
detection cross-section. The region 72.65 GeV to 536 GeV is ruled out as the annihilation rates
H3H3 → W±W∓, ZZ (see Fig. 3) are very high, which reduces the relic abundance ΩDMh2 < 0.01.
The negative values of κL may give the exact relic density however it will be ruled out the direct
detection [68]. If we consider, very small values of sin β, one may get the allowed relic abundance
but these region are again discarded by the constraints of the absolute stability and/or unitarity,
perturbativity. Beyond 536 GeV, we obtain the points by satisfying the constrains discussed in
H3
H3
h1, H1
W±∗
W∓
H3
H3
W±∗
W∓
H±3
H3 H3
W±∗ W∓∗
W ∗
l, qU
νl, qD
4(a) 4(b) 4(c) 4(d)
U = u, c, t
D = d, s, b
H3
H3
h1, H1
Z∗
Z
H3
H3
A3
Z∗
Z
H3
H3
Z∗
Z
Z∗
l, νl, qU
l, νl, qD
5(a) 5(b) 5(c) 5(d)
U = u, c, t
D = d, s, b
FIG. 3: These channels are effective and dominant for the dark matter mass regions > 70 GeV
regime. For the dark matter mass MDM < MW/MZ , gauge bosons further decaying into SM
fermions. The relic density here dominated by the H3H3 → V V ∗, V ∗ → SM quarks/leptons,
where V = W,Z. For the high mass regime the dominant processes are H3H3 → V V .
previous subsections. For high mass region, DM annihilation channel are almost equally contribute
and they get partially cancelled out between various diagrams in the limit MDM MW . Usually,
s − channel and p − channel mediated processes like DM,DM → W±W∓, ZZ get partially
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BMP-high MDM [GeV] κL MA3 [GeV] sinα sinβ Relic density ΩDMh
2 DD cross-section [cm2]
I 536 −0.02 537 0.50 0.80 0.1127 5.783× 10−49
II 530 −0.022 530.5 -0.65 0.75 0.112 2.24× 10−49
III 760 0.044 761 0.5 0.8 0.1195 1.39× 10−48
IV 760 0.046 765 -0.65 0.75 0.1122 1.24× 10−46
TABLE IV: Benchmark points have been shown for high dark matter mass regime.
cancelled out by u− channel and t− channel processes to give rise to the correct relic bound. One
can find that, the sum of the amplitude for these diagram is proportional to M2
H±3
−M2DM [69],
hence, for high DM mass range such cancellation occurs for very small mass difference around 8
GeV. For different set of α and β, we have shown DM mass vs. Higgs coupling for upto 1000 GeV
mass for DM in Fig. 1. One finds a slight shifting in the allowed regions for two different sets of
α and β values. Few BMPs are also shown in table IV for the high mass region. For the small
Higgs coupling strength 0.12κL, we get the satisfied relic density value with DM mass starting
from 536 GeV, while for large 0.98κL the starting value for DM mass stands on 530 GeV. In the
both the processes, charge scalar decay to the W boson (H+3 , H
−
3 → W±W∓) are contributing
around 16% to 17%. However, DM annihilation processes like DM,DM → W±W∓ (∼ 13% for
BMP-I and ∼ 15% for BMP-II ) and DM,DM → ZZ (∼ 10% for BMP-I and ∼ 12% for BMP-II)
are contributing almost in equal amount and we get desired range for relic density by virtue of
partial cancellation among themselves. As we keep increasing the DM mass, the DM annihilation
processes are contributing in moderate fashion. For BMP-III and BMP-IV, we can find that
annihilation processes like DM,DM → W±W∓(∼ 16% form BMP-III and 8% for BMP-IV) and
DM,DM → ZZ (∼ 9% for BMP-III and ∼ 11% for BMP-IV) are contributing to achieve correct
relic density. Interestingly, major co-annihilation channels are observed for MDM = 760 GeV, like
H+3 H
−
3 → W+W−, however, their contributions also get suppressed due to the partial cancellation
among various diagrams.
23
B. Neutrino and Baryogenesis
In this work, along with the scalar sector we have also tried to shade light on the active neutrino
sector in presence of an extra Higgs doublet, which also takes part in the Lagrangian (2.14) to give
mass to the active neutrinos like the SM Higgs. According to our model, both the Higgs doublets
acquiring different VEVs. It is to be noted that two different set of sin β has been considered. While
there is very small distinction between these doublet VEVs for the two sets we have considered
(sin β = 0.8 and sin β = 0.75), hence no significant difference can be found in neutrino sector for
nearly identical tan β(∼ 1.33). As the involvement of the Higgs mass can be visualize through
the Yukawa coupling of the Lagrangian, we have tried to incorporate the result with respect to
the Yukawa couplings. A single flavor of sterile neutrino does exist in the scenario, however a
detailed work on active-sterile phenomenology has already been carried out in [30]. Here, we have
FIG. 4: Constrained region in Dirac CP-phase can be seen with the Yukawa coupling. Red dots
represents the normal hierarchy while green dots represents inverted hierarchy.
presented the baryogenesis including the neutrino mass and mixing angle constraints. Theoretical
approaches for light neutrino mass generation and baryogenesis via the mechanism of thermal
leptogenesis has been discussed in previous section (see equation (2.12), (3.14) respectively). In
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FIG. 5: variation of Yukawa coupling with the baryon asymmetry of the Universe. Red dots
shows NH and black dots represents IH. The greenish band give the current BAU bound, which
is 8.75± 0.23.
order to achieve observed bound on the baryon asymmetry of the Universe, the Yukawa matrix
must be non-zero and complex. After solving the model parameters using latest global fit 3σ
values of the light neutrino parameters, we are able to construct the Yukawa matrix. Normal and
inverted hierarchy has been studied simultaneously in the model and their results been discussed
in this work. We have found interesting bounds on Yukawa coupling with the Dirac CP-phase and
the baryon asymmetry of the Universe. Even though all the light neutrino parameters along with
the Higgs VEV depends upon the yukawa couplings, the major contributions can be observed in
the reactor mixing angle(θ13), and all the mass squared differences. Here, y2 corresponds to the
SM Higgs while y3 corresponds to the second Higgs doublet (see eq. 2.14). Major constrains on
experimental parameters like θ13 and m2 are coming from y2, which can be seen in the first plot of
fig. 4 and 5. Meanwhile, in the case of y3, along with θ13 and m2, drastic constrains are observed in
m3 as well. These dependencies reflects on the second plot of both the fig. 4 and 5. The Red dots
represents the NH and green dots represents IH in both the plots. In Fig. 4, variation of Yukawa
couplings (y2, y3) has been shown with the Dirac CP-phase. One can find that y2 gets constrained
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between 0.3-0.7 in NH while for IH large numbers of points are accumulated in between 0.1 and
0.3. Similarly for y3, NH mode is spread around 1.70-1.9 and for IH, its value lie within 0.1-0.5,
due to the vanishing lightest neutrino mass (m3). In current dim-5 situation, the yukawa coupling
of O(10−2 − 1) [70, 71] are in acceptable range, however, within our study, the large and small
values of y3 violates the experimental range of ∆m
2
31. For large y3(≥ 2.0), ∆m231 value exceed the
current upper bound of 3σ value, whereas for small y3(≤ 0.2), ∆m231 value goes beneath the lower
3σ bound. As BAU value is highly sensitive w.r.t. the experimental results, very narrow regions
are observed with y2 and y3, which are shown in Fig. 5. Results corresponding to the yukawa
couplings and BAU are shown in fig. 5, which verify the successful execution of BAU within MES
framework for both the mass orderings. Large excluded regions in fig. 5 are due to the bounds on
light neutrino parameters imposed by the yukawa matrix involved in the baryogenesis calculation.
Similar analogy from fig. 4, regarding the bounds on y2 and y3 also works in fig. 5.
V. CONCLUSION
In this paper we have explored a A4 based flavor model along with Z4 discrete symmetry to
establish tiny active neutrino mass along with the generation of non-zero reactor mixing angle
(θ13) and simultaneously carried out multi Higgs doublet framework where one of the lightest odd
particle behaves as DM candidate. This work is basically an extension of our previous work on
active-sterile phenomenology [30]. Hence the sterile neutrino part is not carried out in this work.
Apart from neutrino phenomenology, scalar sector is also discussed in great details. Three sets of
SM like Higgs doublets are considered where two of them acquire some VEV after EWSB and take
part in fermion sector, in particular they involved in tiny neutrino mass generation. On the other
hand, the third Higgs doublet does not acquire any VEV due to the additional Z4 symmetry. As
a result the lightest odd particle becomes a viable candidate of dark matter in our model.
In this minimal extended version of type-I seesaw, we have successfully achieved the non-zero θ13
by adding a perturbation in the Dirac mass matrix for both the mass orderings. The involvement of
the high scaled VEVs of A4 singlet flavons ξ and ξ
′ ensure the B−L breaking within our framework,
which motivates us to study baryon asymmetry of the Universe within this framework. As the
RH masses are considered in non-degenerate fashion, we have successfully able to produce desired
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lepton asymmetry (with anomalous violation of B + L due to chiral anomaly), which eventually
converted to baryon asymmetry by the sphaleron process.
The influence of the Higgs doublets (φ1, φ2) can been seen both in fermion as well as the scalar
sector. In the fermion sector, as the involvement of the Higgs doublets are related to the model
parameters via the yukawa couplings. We have shown the constrained Dirac CP-phase and satisfied
baryogenesis results for two different yukawa couplings, which related via two Higgs’ VEV. On the
other hand, in case of scalar sector, a large and new DM mass region in the parameter spaces is
obtained due to the presence of other heavy particles. We are able to bring down the DM mass at
limit upto 42.2 GeV, satisfying all current bounds from various constrains.
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Appendix A: A4 group and product rules
A4, the symmetry group of a tetrahedron, is a discrete non-Abelian group of even permutations
of four objects. It has 12 elements with four irreducible representations: three one-dimensional
and one three-dimensional which are denoted by 1,1′,1′′ and 3 respectively. Cube root of unity is
defined as ω = exp(i2pi
3
), such that 1 +ω+ω2 = 0. A4 can be generated by two basic permutations
S and T given by S = (4321) and T = (2314) (For a generic (1234) permutation). One can check
immediately as,
S2 = T 3 = (ST )3 = 1.
The irreducible representations for the S and T basis are different from each other. We have
considered the T diagonal basis as the charged lepton mass matrix is diagonal in our case. Their
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product rules are given as [72],
1⊗ 1 = 1; 1′ ⊗ 1′ = 1′′; 1′ ⊗ 1′′ = 1; 1′′ ⊗ 1′′ = 1′
3⊗ 3 = 1⊗ 1′ ⊗ 1′′ ⊗ 3a ⊗ 3s
where a and s in the subscript corresponds to anti-symmetric and symmetric parts respectively.
Denoting two triplets as (a1, a2, a3) and (b1, b2, b3) respectively, their direct product can be decom-
posed into the direct sum mentioned above as [39],
1 v a1b1 + a2b3 + a3b2
1′ v a3b3 + a2b1 + a1b2
1′′ v a2b2 + a1b3 + a3b1
3s v (2a1b1 − a2b3 − a3b2,2a3b3 − a1b2 − a2b1,2a2b2 − a1b3 − a3b1)
3a v (a2b3 − a3b2, a1b2 − a2b1, a3b1 − a1b3)
(A1)
Appendix B: The mass matrices
Following the Lagrangian from equation (2.14), the respective charged lepton, Dirac, Majorana
and sterile mass matrix after acquiring the VEVs looks like,
Ml =
〈φ1〉vm
Λ

ye 0 0
0 yµ 0
0 0 yτ
 , M ′D =

b b c
0 b c
0 b c
 , MR =

d 0 0
0 e 0
0 0 f
 , MS = (g 0 0) . (B1)
Here, b = 〈φ2〉vm
Λ
y2 and c =
〈φ3〉vm
Λ
y3. Other elements are defined as d = λ1vm, e = λ2vm, f = λ3vm
and g = ρvχ.
Considering these structure, the light neutrino mass matrix generated from eq. 2.12 takes a sym-
metric form as,
mν =

− b2
e
− c2
f
− b2
e
− c2
f
− b2
e
− c2
f
− b2
e
− c2
f
− b2
e
− c2
f
− b2
e
− c2
f
− b2
e
− c2
f
− b2
e
− c2
f
− b2
e
− c2
f
 . (B2)
This active mass matrix mν is a democratic matrix (here we have used M
′
D in lieu of MD (2.12)).
Only one mixing angle and one mass square difference can be achieved from it. In order to
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generate two mass square differences and three mixing angles this symmetry must be broken. We
have impose an extra perturbation to the Dirac mass matrix in order to generate non-zero θ13
by introducing µ − τ asymmetry in the active mass matrix. New SU(2) singlet flavon fields (ζ ′
and ϕ′) are considered and supposed to take A4 × Z4 charges as same as ζ and ϕ respectively.
After breaking flavor symmetry, they acquire VEV along 〈ζ ′〉 = (vp, 0, 0) and 〈ϕ′〉 = (0, vp, 0)
directions. Scale of these VEV (vp) in comparison to earlier flavon’s VEV (vm) are differ by an
order of magnitude (vm > vp). The Lagrangian that generate the matrix (B4) can be written as,
LMP =
y1
Λ
(lφ˜1ζ
′)1νR1 +
y1
Λ
(lφ˜1ϕ
′)1′′νR2 +
y1
Λ
(lφ˜2ϕ
′)1νR3. (B3)
Hence, the perturbed matrix looks like,
MP =

0 0 p
0 p 0
p 0 0
 . (B4)
Hence MD from eq. (B1) will take new structure as,
MD = M
′
D +MP =

b b c+ p
0 b+ p c
p b c
 . (B5)
We also have modified the Lagrangian for the MD matrix by introducing a new triplet flavon
ϕ′′ with VEV alignment as 〈ϕ′′〉 ∼ (2vm,−vm,−vm), which affects only the Dirac neutrino mass
matrix and give desirable active-sterile mixing in IH [26, 30]. The invariant Yukawa Lagrangian
for the MD matrix in IH mode will be,
LMD =
y2
Λ
(lφ˜1ζ)1νR1 +
y2
Λ
(lφ˜1ϕ
′′)1′′νR2 +
y3
Λ
(lφ˜2ϕ)1νR3. (B6)
The Dirac mass matrix within IH mode (with perturbation matrix MP ) takes new structure as,
MD =

b −b c+ p
0 −b+ p c
p 2b c
 . (B7)
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